ABSTRACT: In order to examine the accumulation pattern of organotin compounds (OTs) in relation to the migration of diadromous fish, the concentrations of tributyltin (TBT) and triphenyltin (TPT) compounds and their derivatives were determined in the liver tissues of both sea-run (anadromous) and freshwater-resident (nonanadromous) types of the brown trout Salmo trutta. Ontogenic changes in the otolith strontium (Sr) and calcium (Ca) concentrations were examined along the life history transect to discriminate the migration types. The sea-run and freshwater-resident life history styles of S. trutta were found to coexist sympatrically based on the otolith Sr:Ca ratio. The otolith Sr:Ca ratio of sea-run S. trutta fluctuated strongly along the life history transect in accordance with the migration pattern between sea and freshwater. In contrast, the Sr:Ca ratios of freshwater-resident fish remained at constantly low levels throughout the otolith. There were generally no significant correlations between TBT and TPT accumulation and various biological characteristics such as total length (TL), body weight (BW) and sex. It is noteworthy that the TBT and TPT concentrations in sea-run S. trutta were significantly higher than in freshwater-resident individuals, although they are intraspecies. These results suggest that the sea-run S. trutta has a higher ecological risk of TBT and TPT exposure than the freshwater residents during their life history.
INTRODUCTION
In the past several decades, tributyltin (TBT) and triphenyltin (TPT), which are representative groups of organotin compounds (OTs), have been widely utilized as active biocides in marine antifouling paints applied to ship hulls to prevent the attachment and growth of marine organisms such as barnacles, mussels and algae (Snoeij et al. 1987 , Blunden & Evans 1989 , Bosselmann 1996 . TBT and TPT cause adverse effects on nontarget aquatic organisms (Fent & Meier 1994 , Ohji et al. 2002a ,b, 2003a ,b, Grzyb et al. 2003 . Despite regulation of their use in antifouling paints, high concentrations of TBT and TPT are still being detected in the aquatic ecosystem (Harino et al. 2002 , Ohji et al. 2007a . Recently, it was reported that TBT affects not only marine and freshwater fishes (Ward et al. 1981 , Wester & Canton 1987 , Fent & Meier 1992 but also diadromous fishes such as anadromous fish, the masu salmon Oncorhynchus masou, which has both sea-run and freshwater-resident migratory phases (Ohji et al. 2006a (Ohji et al. , 2007b . These results suggest that the anadromous O. masou has a higher ecological risk of TBT exposure during its life history than freshwater-resident fish, although both types belong to the same species. Therefore, differences in TBT (as well as TPT) accumulation between migratory types of other anadromous fish might also be similar to that in O. masou. However, there have been few studies to date on the relationship between OT accumulation and migratory history in diadromous species (Ohji et al. 2006a (Ohji et al. ,b, 2007b (Ohji et al. , 2009 .
The brown trout Salmo trutta Linnaeus is an important domestic resource in its native range. It is an economically important game fish with a high conservation value (Elliott 1994 , Watson 1999 ). The fish is highly polytypic, with individual fish within a population showing considerable variation in life history strategy (Elliott 1994) . Two major life history pathways have been recognized in S. trutta: i.e. freshwater-resident brown trout and migratory sea trout (Elliott 1994 , Watson 1999 . The former reside in freshwater throughout their life, whereas the latter migrate to the sea to feed before returning to their natal streams to spawn. Many populations of S. trutta composed of both nonanadromous (freshwater-resident) and anadromous (sea-run) individuals coexist in the same freshwater environment and utilize the same freshwater spawning areas. The relative contributions of sea-run and freshwater-resident S. trutta to the adult spawning population and to egg deposition and juvenile production are of central importance to the development of effective management policies for stock conservation. Since TBT and TPT have primarily been used in marine environments, there may be differences in the accumulation of these compounds between the 2 migratory types of S. trutta.
Wavelength dispersive electron microprobe measurement of the strontium (Sr) and calcium (Ca) ratios in otoliths has recently been considered as a method for distinguishing between freshwater and marine migratory phases in diadromous fishes (Campana 1999 , Arai et al. 1997 . The Sr content in otoliths is higher in sea migrants than in freshwater residents, and Sr is known to alternate with Ca in bony tissues in proportion to the concentrations in the surrounding water. Furthermore, Sr is permanently incorporated in this way during growth, so that the difference in Sr between growth zones can be used to reconstruct the previous individual life history of diadromous species (Kalish 1990 , Secor et al. 1995 , Arai & Tsukamoto 1998 , Tsukamoto & Arai 2001 , Arai et al. 2002 . Thus, the Sr:Ca ratios of otoliths allow us to determine whether or not individual brown trout actually move between different habitats with differing salinity regimes. This technique should aid in revealing minute OT accumulation patterns accompanying an individual fish's migratory history as well as in reconstructing its migratory history.
The present study aimed to examine differences in the accumulation patterns of butyltin compounds (BTs), including TBT and its derivatives, dibutyltin (DBT) and monobutyltin (MBT), and phenyltin compounds (PTs), including TPT and its derivatives, diphenyltin (DPT) and monophenyltin (MPT) in the livers of the 2 migration types of the brown trout Salmo trutta collected in sea and freshwater habitats in Japan, and to compare OT accumulation with life history. The environmental histories of S. trutta were reconstructed using ontogenic changes in the otolith Sr:Ca ratios along the life history transect. Results of the present study may provide valuable clues for understanding the ecological risk posed by OTs and the variations in their accumulation due to migration in anadromous fish.
MATERIALS AND METHODS
Fish collection. Salmo trutta were collected from Japanese sea and fresh waters by set nets or fishing in December 2006 to June 2007 (Table 1, Fig. 1 ). Collection sites were Hakodate Bay, located at Hokkaido Island (Fig. 1) , and the adjacent Hekirichi and Kunebetsu Rivers (15 -20 km from the bay), where there is no tidal influence and salinity is 0. A total of 24 brown trout (6 males, 12 females, 6 unknown) were used ( Table 1 ) and livers were dissected. All samples were stored in a freezer at -20°C until chemical analysis. Fork length (FL, to the nearest 1 mm) and body weight (BW, to 0.1 g) were measured, and sex was determined by examining the gonads.
Chemical analysis of organotins. Concentrations of OTs in the biological samples were determined based on the method of Ohji et al. (2006a Ohji et al. ( ,b,c, 2007b Ohji et al. ( , 2009 ) with some modifications. One gram of homogenated liver from each fish was placed in a centrifuge tube and 100 µl of mixed acetone solution including 1 µg ml way. The combined supernatants and 30 ml of saturated NaCl solution were transferred to a separatory funnel. The analytes were extracted twice using 15 ml of ethyl acetate/hexane (3/2) solution. Fifty ml of hexane was mixed with the combined organic layers and the mixture was allowed to stand for 30 min. After removal of the aqueous layer, the organic layer was dried with anhydrous Na 2 SO 4 , concentrated up to trace level using a rotary evaporator, and further concentrated using a nitrogen purge. The analytes were diluted with 3 ml of ethanol, 3 ml of acetic acid-sodium acetate buffer (pH 5.0) and 10 ml of distilled water, ethylated using 1 ml of 5% NaBEt 4 and allowed to stand overnight. The lipids were then saponificated with 5 ml of 1 M KOH-ethanol solution by shaking for 1 h. Forty ml of distilled water and 10 ml of hexane were added to the solution, and ethylated OTs in the mixed sample solution were extracted to an organic layer by shaking for 10 min. The ethylated OT residue in the aqueous layer was extracted again by shaking for 10 min with 10 ml of hexane. The combined organic layers were dried with anhydrous Na 2 SO 4 . After being concentrated up to 1 ml using a rotary evaporator and nitrogen gas, the solution was cleaned using a Florisil Sep-Pak column (Waters Associates). The analytes were eluted with 5% diethyl ether/ hexane, and TeBT-d 36 and TePT-d 20 were then added as internal standards. The final solution was then concentrated up to 0.5 ml. A Hewlett Packard 6890 series gas chromatograph equipped with a mass spectrometer (5973 N) was used for the analysis of OTs with selected ion monitoring. The separation was carried out in a capillary column coated with 5% phenyl methyl silicone (J&W Scientific; 30 m length × 0.25 mm i.d., 0.25 µm film thickness). The column temperature was held at 60°C for the first 2 min, then increased to 130°C at 20°C min -1 , to 210°C at 10°C min -1 , to 260°C at 5°C min -1 , and to 300°C at 10°C min -1 . Finally, the column temperature was maintained at 300°C for 2 min. The interface temperature, ion source temperature and ion energy were 280°C, 230°C and 70 eV, respectively. Selected ion monitoring was performed under this program. Splitless injection (1 µl) of the sample was employed. The concentrations of OTs in this study are expressed as Sn 4+ based on wet weight of the biological samples.
To examine the quality of the data obtained by the analytical procedure, the soft tissues of the fish were spiked with 0.05 µg of BTs and PTs. The recoveries of the BTs and PTs were in the range of 85 to 100% and 87 to 108%, respectively, and their relative standard deviations (RSD) were in the range of 6.7 to 9.7% and 9.8 to 12%, respectively. The detection limit for each OT for a signal-to-noise ratio of 3 was 0.5 ng g -1 wet wt of the biological samples.
Otolith preparation and X-ray microprobe analysis. Sagittal otoliths were extracted from each fish, embedded in epoxy resin (Struers, Epofix), and mounted on glass slides. To expose the core along the anteriorposterior direction in the sagittal plane, the otoliths were then ground using a grinding machine that was equipped with a diamond cup-wheel (Struers, Discoplan-TS) and polished further with an OP-S suspension on an automated polishing wheel (Struers, RotoPol-35) that was equipped with a semi-automatic specimen mover (Struers, . Finally, they were cleaned using distilled water and ethanol, and dried at 50°C in an oven prior to examination.
For electron microprobe analyses, all otoliths were Pt-Pd coated using a high vacuum evaporator. All specimens were used for the 'life-history transect' analysis of the Sr and Ca concentrations, which were measured along a line down the longest axis of each otolith from the core to the edge using a wavelength dispersive X-ray electron microprobe (JEOL JXA-8900R) as described by Arai et al. (1997 Arai et al. ( , 2004 . Wollastonite (CaSiO 3 ) and tausonite (SrTiO 3 ) were used as standards, and the accelerating voltage and beam current were 15 kV and 1.2 × 10 -8 A, respectively. The electron beam was focused on a point measuring 10 µm in diameter, with measurements being spaced at 10 µm intervals. Statistics. Differences between data were analyzed using the Mann-Whitney U-test. Differences among data were examined by an analysis of variance (ANOVA), and afterwards Scheffe's multiple range tests for the combination of 2 data. The significance of the correlation coefficient and regression slope were tested by Fisher's Z-transformation and an analysis of covariance (ANCOVA) (Sokal & Rohlf 1995) .
RESULTS

Life history transects
Typical life history transects representative of the 2 migratory types of Salmo trutta are shown in Fig. 2 . The otolith transects are read from the core to the outer edge; older deposits are closer to the core, while deposits that are more recent in the life history of the fish are farther from the core. The Sr:Ca ratios measured along a transect from the core to the edge of otoliths of specimens collected from rivers were consistently low (average: 1.4 ± 0.2 × 10 -3
; range: 1.1 to 1.6 × -3 ; e.g. specimen no. 51: Fig. 2) , suggesting continuous residence in a freshwater habitat after hatching. In contrast, all individuals collected from the bay showed low Sr:Ca ratio phases from the core to a point at 650-2710 µm (phase L; average: 1.3 ± 0.2 × 10 -3 , range: 1.1 to 1.6 × 10 -3
10
). Thereafter, the ratios increased sharply (average: 2.9 ± 0.7 × 10 -3 , range: 1.6 to 3.7 × 10 -3 ), and were maintained at the higher levels until the outermost regions (phase H; e.g. specimen nos. 87, 88, 92: Fig. 2) . The fish presumably migrated down and settled in the sea. The mean Sr:Ca ratio from the core to the edge of the otolith in all fish from the bay was significantly higher than that in fish from the rivers (Mann-Whitney U-test, p < 0.05). Thus, we could confirm the fish migratory patterns using otolith Sr:Ca ratio analysis, i.e. all fish collected from the rivers were of the freshwater-resident type, and all fish collected from the bay were of the sea-run type.
In addition to these 2 distinctive migratory types of brown trout, a sea-run individual showed a different pattern of migratory history (Fig. 2) . Typical sea-run specimens showed higher values out to the otolith edge after the low level in their Sr:Ca ratio (e.g. speci- Freshwater-resident type Specimen no. 51 Sr:Ca ratio = 1.1 TBT = 2.9 TPT = 9.8 Fig. 2 . Salmo trutta. Typical patterns of the otolith Sr:Ca ratio along line transects from the core (0 µm) to the edge in the sagittal plane of the sagittal otoliths of 2 specimens (left). Each specimen was classified into 1 of 2 general migratory categories. Values of the Sr:Ca (× 1000) ratio used to separate each specimen into the general categories sea-run (anadromous) and freshwater-resident (nonanadromous) are given. Specimen identification numbers, and tributyltin and triphenyltin concentrations (ng g -1 wet wt) are also given. Variations in migratory pattern in a sea-run individual are also illustrated (right) men nos. 87, 88, 92). This change in Sr:Ca ratio indicates a single movement from one salinity habitat to the next, in which the specimen presumably spent time in a river and moved to the sea where these were collected. However, some specimens (e.g. specimen no. 85 in Fig. 2) showed further low values in the Sr:Ca ratio after the high values that followed the initial low levels, indicating downward migration and settling in the sea, followed by a return migration to the river where they were collected.
Relationship between organotin accumulation and biological characteristics
In both sea-run and freshwaterresident brown trout, no significant relationships were observed between the ΣBTs (ΣBTs = TBT + DBT + MBT) levels and FL and BW, and between TBT levels and FL and BW (ANCOVA, p > 0.1 -0.5) (Fig. 3) . Moreover, no correlations were observed between the ΣPTs (ΣPTs = TPT + DPT + MPT) levels and FL and BW in both migratory types (ANCOVA, p > 0.05 -0.1), although positive and negative relationships were observed between the ΣPT levels and BW in the freshwater-resident type, and between TPT levels and FL in the sea-run type, respectively (ANCOVA, p < 0.05) (Fig. 3) .
In the freshwater-resident type, the ΣBT concentrations in males and females were 15.2 ± 4.6 and 16.6 ± 7.6 ng g -1 wet wt, respectively, while the ΣPT concentrations were 5.8 ± 5.8 and 12.2 ± 7.5 ng g -1 wet wt (Fig. 4 ). There were no significant differences in ΣBT or ΣPT concentrations between the sexes (Mann-Whitney U-test, p > 0.05 -0.5). TBT concentrations in male and female fish were 4.5 ± 3.2 and 4.9 ± 2.3 ng g -1 wet wt, respectively, while TPT concentrations in male and female fish were 4.4 ± 4.3 and 8.3 ± 5.0 ng g -1 wet wt (Fig. 4) . No significant differences were also observed in the TBT or TPT concentrations between the sexes (Mann-Whitney U-test, p > 0.1). The compositions of BTs and PTs in male fish were also almost identical to those in females (Fig. 4) .
Difference in organotin accumulation between sea-run and freshwater-resident types
The respective ΣBT concentrations in sea-run and freshwater-resident brown trout were 33.7 ± 11.2 and 17.4 ± 8.0 ng g -1 wet wt, while the respective TBT values were 11.3 ± 6.2 and 4.7 ± 2.5 ng g -1 wet wt (Fig. 5) . The ΣBT and TBT values in the sea-run type were significantly higher than in the freshwater-resident type (Mann-Whitney U-test, p < 0.001 -0.005). The respective ΣPT values in the sea-run and freshwater-resident types were 23.2 ± 10.2 and 10.6 ± 8.6 ng g -1 wet wt, while the respective TPT values were 17.1 ± 13.4 and 6.6 ± 4.7 ng g -1 wet wt (Fig. 5) . The ΣPT and TPT levels in the sea-run type were significantly higher than in the freshwater-resident type (Mann-Whitney U-test, p < 0.005 -0.05).
The percentage of TBT in the ΣBTs suggests that the breakdown products of TBT, rather than TBT itself, predominate among the ΣBTs in both migratory types. The percentage of TBT in the sea-run type was higher than in the freshwater-resident type (Fig. 6 ). In contrast, TPT generally dominated the ΣPTs in both migratory types. The percentage of TPT in the sea-run type was lower than in the freshwater-resident type (Fig. 6) .
In the present study, several individual sea-run fish showed TBT and TPT concentrations that were higher than the mean value. The highest concentration of TBT (26.6 ng g -1 wet wt) was detected in specimen no. 92, and this was accompanied by a higher Sr:Ca ratio (3.5 × 10 -3 ) after movement to seawater. A higher concentration of TPT (19.5 ng g -1 wet wt) was also detected in specimen no. 92. In specimen nos. 87 and 88, we found TBT concentrations of 11.9 and 12.2 ng g -1 wet wt, together with higher concentrations of TPT (37.2 and 36.6 ng g -1 wet wt, respectively). Higher Sr:Ca ratios (3.6 and 3.7 × 10 -3 ) after movement to seawater were detected in these individuals.
These results suggest that OT levels in sea-run brown trout were significantly higher than in freshwater-resident ones.
DISCUSSION
Relationships between organotin accumulation and biological characteristics
The present study suggests that TBT and TPT accumulation in brown trout did not generally depend on biological characteristics such as growth and sex. No correlation between TBT concentration and fish length has also been reported in the Japanese sea perch Lateolabrax japonicus, the white croaker Pennehia argentatu or the yellowtail Seriola quinqueradiata (Harino et al. 2000) . OT residues in fish are not greatly affected by size, but are more likely to reflect the recent history of OT contamination in their environment. In a previous study, TBT concentration was found to be less affected by total length (TL) and age in perch Perca fluviatilis and ruffe Gymnocephalus cernuus, although TPT concentrations increased with both length and age (Stäb et al. 1996) . This indicates that TBT is more easily metabolized or eliminated as di-and mono-OTs than TPT. Thus, TPT might accumulate throughout a fish's life history, whereas TBT might show no such accumulation trend. However, this accumulation pattern of TPT was different from that found in the present study. Furthermore, our previous study in the Japanese eel Anguilla japonica (Ohji et al. 2006b ) also indicated that both TBT and TPT concentrations in the liver were independent of TL, BW and sex. Therefore, the metabolic capacity to degrade OTs may differ among species. Since studies on the relationship between TPT levels and biometric features have been carried out only at a rudimentary level to date, further study on this topic is necessary. 
Organotin accumulation accompanying migration
The Sr:Ca ratio along the life history transect in the otolith of Salmo trutta revealed the coexistence of 2 contrasting Sr:Ca ratio patterns, suggesting alternative anadromous (sea-run) and nonanadromous (freshwater-resident) life history styles. It was noteworthy that the TBT and TPT concentrations in the sea-run fish in the present study were significantly higher than in freshwater-resident fish despite both types belonging to the same species. Since TBT and TPT have been used mainly in marine environments, sea-run individuals are expected to experience greater exposure to TBT and TPT during migration to coastal and oceanic waters. Moreover, TBT and TPT residues in sea-run fish indicate continuous inputs of TBT and TPT into the sea despite the ban on their usage. In contrast, since freshwater-resident individuals remain in the freshwater environment throughout their life, they are exposed to less TBT and TPT. Therefore, the risk of TBT and TPT exposure in sea-run fish is higher than in freshwater-resident fish.
In the present study, high concentrations of TBT were detected in several individual sea-run brown trout (e.g. 26.6 ng g -1 wet wt for specimen no. 92) (Fig. 2) . Two patterns of migratory history were observed within the sea-run type (Fig. 2) . Specimen no. 92 showed a sharp change in the Sr:Ca ratio from low to high levels, indicating movement to the sea after spending a certain amount of time in freshwater. Another sea-run individual (specimen no. 85) showed a change in the Sr:Ca ratio from low to high levels, and then back to low levels after spending a certain amount of time at high levels, presumably indicating migration from the river down to the sea to grow and settle in the sea habitat, followed by migration back to the river to breed. These results suggest that a constant Sr:Ca ratio indicates staying within a small home range, and changes in the Sr:Ca ratio indicate movement between different habitats. Therefore, even within the same category, there are various levels of risk of OT exposure in brown trout.
The present study found differences in composition between BTs and PTs. TBT and its metabolites, DBT and MBT, were found in approximately equal percentages in both sea-run and freshwater-resident individuals. In contrast, TPT generally dominated over DPT and MPT in both migratory types. We also found similar results in the sea-run masu salmon Oncorhynchus masou and in the Japanese eel Anguilla japonica (Ohji et al. 2006a (Ohji et al. ,b, 2007b (Ohji et al. , 2009 . High DBT and MBT levels among BTs were detected in liver tissue of pike Esox lucius, with TPT concentration also being high (Stäb et al. 1996) . A different metabolic capacity to degrade TBT and TPT was found in the European eel Anguilla anguilla and in the rainbow trout O. mykiss in a previous in vitro experiment (Fent & Bucheli 1994) . Liver microsomes in eel and rainbow trout were affected by TBT and TPT. TPT strongly inhibited ethoxyresorufin O-deethylase (EROD) activity and led to the inactivation of P-450 enzymes more strongly than TBT. These results might be due to the fact that TBT is more easily dealkylated in the liver and excreted via bile than is TPT, since the liver's metabolic capacity to degrade TBT is higher than its capacity to degrade TPT in Salmo trutta. This implies that TPT is very stable in aquatic ecosystems.
The risk of organotin compounds in Salmo trutta
The present study clearly demonstrates that the diadromous fish Salmo trutta is at variable risk of exposure to TBT and TPT due to intraspecific variation in migratory patterns, while that OT accumulation does not depend on body size or sex. Therefore, a comparison of the contamination levels of OTs in brown trout from different regions should be conducted with specific reference to migratory histories. Since adverse effects of TBT and TPT (e.g. histopathological alteration in fishes even at ambient water levels) have been reported (Fent 1992 , Fent & Meier 1992 , these substances might also adversely influence S. trutta. The higher ecological risk posed by TBT and TPT to sea-run over freshwater-resident individuals indicates that the former might be more conspicuously affected by these substances. However, TBT and TPT might not only affect the sea-run type, but also the freshwaterresident type. After sea-run brown trout complete their oceanic migration, they return to their natal river and participate in reproductive activities with the freshwater-resident type. It has been reported that TBT and TPT exposure detrimentally affects reproduction in the African catfish Clarias gariepinus, the herring Clupea harengus and the European minnow Phoxinus phoxinus (Fent 1992 , Fent & Meier 1992 , Rurangwa et al. 2002 , Grzyb et al. 2003 . Moreover, the reproductive toxicity of triorganotin has also been reported to induce population disturbance. Masculinization (imposex) induced by TBT and TPT exposure in female gastropods has been found to lead to reproductive failure and subsequent population decline (Bryan et al. 1986 , Gibbs & Bryan 1986 , Bettin et al. 1996 , Matthiessen & Gibbs 1998 . Therefore, TBT and TPT exposure might also affect the reproductive systems of sea-run brown trout.
Furthermore, it has been reported that some salmonid fishes, which show an anadromous life history and are semelparous, transport upstream not only nutrients but also many carcasses (Ewald et al. 1998 , Naiman et al. 2002 , Krümmel et al. 2003 . Krümmel et al. (2003) reported the biotransport in which PCB concentrations in river sediment where salmon migrated for spawning were higher than in river sediment where spawning migration did not occur. Thus, OTs might also be transported upstream and deposited into river sediments via salmonids such as sea-run brown trout. Therefore, anadromous fish, such as sea-run brown trout, might have the potential risk to transport OTs from the ocean to river sediments, secondarily acting as vectors and exposing freshwater-resident fish to the risk of OT contamination, despite OTs having been mainly used in the ocean. Thus, the risks involved in the exposure of the sea-run type to TBT and TPT might in turn influence freshwater-resident individuals, and lead to the disturbance of the S. trutta population. 
